Humidity sensors are of paramount importance in numerous science and technology fields thus are commonly used in industries, hospitals, environmental monitoring, etc.
[1] Hitherto, different transduction mechanisms have been explored in order to improve sensitivity, response speed and recovery time, by exploiting different properties as read-out, including optical [2] and electrical characteristics (capacitance, [3] resistance [4] , gate effect in field-effect transistors [5] ) as well as small mass changes. [6] To detect water in the environment, numerous materials have been employed as active components, including polymers, [7] carbon based materials [8] and composites. [9] Since the sensing occurs via molecular recognition, the sensitivity in humidity sensing can, in principle, be harnessed by using low dimensional structures exhibiting a high surface area, fully decorated with receptors.
Amphiphilic molecular design is a viable strategy to achieve high degree of order at the supramolecular level, via sub-nm phase segregation between hydrophobic and hydrophilic moieties, to ultimately modulate the properties of organic electronic materials.
[10]
Amphiphilic molecules with large π-conjugated cores have been employed to obtain excellent optoelectronic properties (e.g. charge transport, light-emission, etc.) associated with characteristic nanostructures. Typical examples include hexa-peri-hexabenzocoronene (HBC), [11] perylene diimide, [12] porphyrin, [13] and fullerene [14] based amphiphiles, which tend to possess high charge carrier mobilities when are self-assembled into ordered nanostructures.
Donor-acceptor dyads are well known molecular systems that can undergo self-assembly, forming fibers exhibiting good (photo)electrical characteristics. [15] This self-assembly capability, render them interesting components for technological applications in (opto)electronics, including thin-film transistors, [16] photovoltaics [17] and light-emitting diodes.
[18]
In this work we report the light-triggered self-assembly of an amphiphilic electron donoracceptor (D-A) dyad, based on a conjugated backbone containing an oligothiophene (OT) and a perylenediimide (PDI), connected by a conformationally rigid ethynylene spacer, forming fibers (Figure 1 ). These architectures, exposing ethylene glycol in their external shell, are employed as active components in humidity sensors that exhibit high sensitivity and ultrafast response. The synthesis of the PDI-4T dyad was accomplished by a Sonogashira coupling of an ethynyl-group-terminated OT derivative with the corresponding iodophenyl-group-appended PDI derivatives, respectively, as described in literature. [19] MALDI-TOF mass spectra of PDI-4T reveals single species with isotopic distributions in accordance with calculations ( Figure   S11 -S12 in the SI) and also agrees well with data reported in literature. [19] The PDI-4T self-assembles into fibers in solution, using a modified version of solventinduced precipitation (SIP), with a procedure different from the one reported in literature on the same system. [19] In particular, 0.5 mg of the dyad is dissolved in 1 ml of THF. After complete dissolution, 200 µl of the THF solution is added to 1 ml of deionized water.
Differently from the procedure previously reported for generating fibers -with a length of just a few hundreds of nanometers -out of the PDI-4T dyad, [19] our approach relies on a solution which is stable in environmental condition for several months. In particular, upon storage under dark condition, our solution retains its orange color ( Figure S5 ) and does not exhibit traces of precipitate. When this solution is applied to the basal plane of a SiO 2 substrate by drop-casting, amorphous films are obtained ( Figure S1 in the supporting information).
By keeping the solution in a sealed glass vial on the lab bench, thus under daily light for at least one week a transition to light pink colour was observed. Such a colour transition of the solution can be accelerated upon exposure to the white light of a solar simulator (power density = 100 mW/cm 2 ) for at least 10 hours: the water solution slowly turns from orange to light pink (see Figure S5 and S6 in the SI), a behavior which may be ascribed to a modification on the molecular aggregation.
To gain an insight into such process on a smaller scale, we have performed a microscopic study as a function of the irradiation time. Atomic Force Microscopy (AFM) imaging of a drop cast film of the solution, after irradiation for a few minutes, revealed the formation of small nanoribbons with a length of few hundreds of nanometers which are randomly orientated on the SiO 2 surface (Figure 2A , and Figure S2 in the SI).
Exposure to white light for about 10 hours promotes the aggregation of the ribbons into larger agglomerates ( Figure 2B-D) . In particular, from the SEM images in Figure 2C ,D, it is possible to recognize the shape of the nanoribbons inside the aggregates (see also Figure S3 for a zoom-in).
Irradiation for 15 hours leads to the formation of longer bundles with a higher aspect ratio ( Figure 2E ), characterized by an average length of ca. 17.1 µm and a width of ca. 1.97 µm.
When the solutions are irradiated for over 20 hours, bundles of highly oriented ribbons are generated (see Figure 2F and Figure S4 in SI), appearing as macroscopic fiber networks featuring a dendritic shape with a length of several millimeters and an average width of ca.
1.65 µm. Overall, the series of images shown in Figure 2 provide for the first time a timeresolved evidence of the light-dependent evolution of the self-assembly: upon increase of the irradiation time of the solution, the aggregation of the nanoribbons into larger and larger fiber's bundles is promoted.
Figure 2: (A) AFM, (B,E,F) optical microscopy, and (C,D) SEM images of PDI-4T bundles of fibers at different aggregation levels obtained by exposure of the solution to the white light of a solar simulator for (A) few minutes, (B,C,D) 10 hours, (E) 15 hours, (F) more than 20 hour).
Zoom-in with AFM in the less coated part of the films reported in Figure 2B -D, revealed the presence of laterally packed and intercoiled ribbons ( Figure 3A) with lengths of several micrometers. From the cross section profiles in Figure 3B it is possible to identify 2 different populations of ribbon widths amounting to ca. 7.0 nm and 14.5 nm. Being the contour length of the molecules when the side chains adopt a fully elongated conformation around 8 nm, [19] our result can be interpreted by an interdigitation of the alkyl substituents belonging to adjacent ribbons and eventual coiling of the side-groups. The 14. Interestingly, the use of water based SIP turned out to be key to the fiber formation:
irradiation of PDI-4T solutions in either THF, CHCl 3 , DMF, Acetone, Ethanol or Isopropanol has not led to formation of fiber-like structures, even after over 50 hours of irradiation. It is also noteworthy that the light irradiation, together with the effect of the water environment, on an amphiphilic molecule, promotes the self-assembly into a fibrillar system without need of using chlorinated solvents that, upon exposition to white light, form radicals, which could be transferred to the molecules, promoting the self-assembly. [20] In our case, the key role played by light irradiation, in the fibers growth, likely involves electron transfer and electrostatic interactions. However, X-Ray Photoelectron Spectroscopy (XPS) analysis, on PDI-4T drop-cast solutions before and after irradiation, provided evidence for an increase of the peak at 168.2 eV (Figure S10 in SI) , being unambiguously assigned to a fully oxidized sulfur, up to 46.4%, demonstrating that an intense light exposure leads also to an oxidization of the thiophene rings in the molecule. To get a deeper insight into the order at the supramolecular level within the fiber's bundles, we have carried out Grazing incidence XRay Diffraction (GIXRD) investigations of the films shown in Figure 2F . The 2D X-ray pattern in Figure 4 , presents a main peak at position q xy = 1.78 Å -1 which corresponds to a dspacing of 3.5 Å, typical distance for π-π stacking. Since the peak is perturbed by the large footprint of the X-ray beam, a realistic estimation of the lateral dimension of the crystalline domains is not possible. [21] Being in the in-plane direction, this peak indicates that the dyad molecules adopt an edge-on orientation with respect to the basal plane of the substrate, in agreement with the proposed model in Figure 1 .
Figure 4: (a) 2D-GIXRD pattern of PDI-4T bundles of fiber together with (b) corresponding scattering intensity integrated along the out-of-plane (q z ) and in-plane (q xy ) directions.
To probe if the external shell of the fiber bundles consists of either hydrophobic alkyl based or more hydrophilic ethylene glycol based units, we have exposed these architectures to a humid environment. Such an exposure revealed a high sensitivity to the presence of water molecules in the atmosphere, confirming that the hydrophilic chains are in the external part of the ribbons, [11] enabling dipole-dipole interactions and, in particular, hydrogen bonding, with water molecules. These interactions are likely strong enough to compress the molecules together inside the aggregate, decreasing the distance of the π-π stacking, in accordance with a previous XRD study. [1b] The decreasing π-π distance leads to an exponential increase of the charge transport through the ribbons, thus of the conductivity of the self-assembled architectures. Therefore, the conductivity can be tuned with the relative humidity of the environment: thus our system can be employed as resistive-type organic humidity sensor.
Noteworthy, the adsorption and desorption of water on the fibers surface is a fully reversible process.
The response rate, the sensitivity and the range of sensed humidity levels, were measured by depositing the fiber's bundles by a drop casting onto a SiO 2 /Si n ++ substrates (230 ± 10) nm thick SiO 2 , Fraunhofer Institute for Photonic Microsystems IPMS, Dresden, Germany), which were freshly cleaned and ozone-treated before being used. The dielectric surface exhibits patterned interdigitated gold electrodes (channel lengths L= 2.5 to 20 µm). The response speed was measured by sending a pulsed flow of humid air over the sample during the application of a constant bias of 5 V. The results portrayed in Figure 5A show a response rate of about 26 ms with a good recovery time and an ultimate 100 % reversibility. The calibration of the devices was carried out inside a chamber with a controlled atmosphere, in which the relative humidity (RH) can be increased from 0 to 75% while performing the electrical measurement in real time. Figure 5B displays the results of the calibration for two different channel lengths using the same applied voltage. These measurements demonstrate that, when larger channel lengths are used, the sensitivity for higher humidity levels increases, as a result of the greater surface area of the fibers covered with hydrophilic ethylene glycol groups that can interact with the water molecules.
The calibration plot in Figure 5B allowed us to quantify the dependence of the measured current upon the humidity in the chamber. It reveals an exponential growth. The measured values of current goes from a few pA at 0% RH up to tens of mA at 75%, with an overall current variation exceeding 7 orders of magnitude. Calibration of the response current in different environment (applied bias=5 V,
temperature=26.6 °C)
Noteworthy is also that the current response is strongly selective for water molecules that, being donor of two hydrogen bonding, can behave as linker between two PEG side-chains exposed on two adjacent molecules within the stack. The plots reported in Figure S9 show the electrical response of our PDI-4T based humidity sensors when exposed to vapor of different solvents such as ethanol, methanol and ethyl ether. Among them, only methanol, being the smallest molecule and being able to act as hydrogen bonding donor, exhibited an increased current passing through the fibers. However, since methanol can donate just one proton to create a hydrogen bonding, the change in the current is negligible compared to the one given by water under the same condition.
In summary, we have devised a novel approach, based on light irradiation acting as a remote control on the self-assembly of an amphiphilic D-A π-conjugated dyad into ordered structures. In particular, the joint effect of light irradiation and solvent induced precipitation in an environmentally friendly water solvent, makes it possible to form nanoribbons. Upon tuning the irradiation time, the size of aggregation of the ribbons, forming fiber bundles, can be modulated. These ultra-long 1D architectures possess an external shell exposing hydrophilic ethylene glycol moieties and π-π stacking distances that decrease with the increasing humidity.
[1b] Such architectures, when deposited on solid surfaces, reveal a high selectivity to water in the environment: the resistive sensor exhibits ultrafast response and extremely high sensitivity. To the best of our knowledge, the 7 order of magnitude change in current signal by varying the RH from 0% to 75% is the highest reported in literature for resistive humidity sensors based on organic molecules. Moreover, the response speed of 26 ms is in line with the best data recently reported on capacitive sensors based on graphene oxide continuous films exhibiting 30 ms response speed [8] and on resistive sensors integrating organic fibers featuring a 10 ms response speed, being the fastest ever reported.
[1b] Current effort in our laboratories is on the integration of these architectures in flexible sensing devices.
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